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Rvcciwrl  ; acccptd

Al)st,  ract, lf’c re~,ort on the scare)]  for  )wriodic glav-
i(fitiollal  ~vavc i]} tlIc mllz b a n d  c o n d u c t e d  ~vitll  tlIc
sJ>rrcccraft t-J],YSSk;S.  Gravitational ~vavc signa]s gel)cr-
rilly ])rovirtc ill fc)rtl)ation shout  tlw rtistancc of t}Ic soul  cc;
[I l,YSSIX’  data IIavc a “km” for each kir]d of sc)urcc
OIIC looks for; for hirlarics  ttle galactic cen!re k acccssit~le
to  our  cxlwrilncnt. ‘J’IIc  NcyInan l’earsoll lucthod,  w i t h
its two strategies of ‘attempting detection’ rrrld gettirlg  a
ttlrwllold  for J)O dctcctio]l,  is discussed with great  cm.
\$’c did ]Iot  find sigtiificant  cvide]lce for positive detec-
tion, hut cstalllislled, at the 90% co~lfidcncc  level,  upper
]ill]its  to the aln])]i(ude  significa]]tly  be t te r  t]lan  I)revimrs
work .  “1’IIc  weaker  condition ShTR = 1 corresponds to sig-

r]al aln])]itudcs  h w}]ic}l  v a r y  a})out  f r o m  3 I(J - 15 to ](J- 15
fro][l  Icw to high freque[lcies.  Similar results and ttlresh-
o l d s  liavc becII ohtaincd for cl]irpcd signals  in the li]lcar

regi]ne.  WC have  d i s c u s s e d  these  l imits ill re la t ion  to  a
~)c)ssit)]c, conventional binary system of black holes ill the
galrictic ce]ltrc  as a source. IYe found that in the plane of
tlI{ frcqucvlcy  and its rate of incrckw  the corrcspoliding
rcgic)]l of significa~lce is small; there  WC cstahlish  for a hy -
i~c,ttlet.ical colnJ)anioIl of a central Llrtck hole of 2106 kf~~
tile u],~wr  limit  of % 5800 Mo.

l{c,y words: GravitatioIl - Galaxies: nuclei

,9c ft(f oflpf iltt  ffqucs(g [0: 1{. Bcrtotti.
“  }’rc,icrif odrlt-css: Jet Propulsiorl  I,ahoratory,  Califc)rnia Jr]-
stitotc c)f ‘J’cc}tno]og,y,  I’asade]ta,  Califorrlia,  LISA.
‘ ‘  }’rf sf)~f oddIcss:  l;rrropearl SJ)ace  Research lnstitutej  1-
000.14 l’ra<ca!i,  Italy.

1. llltroductioxl

‘J’hc  sl]ace prot.w [11,1’SS1;S has tmvl coI)til]uously  Irackd
ill a lk~p]llcr II IocJe for 28 days froll] l’el, rllary 20 to \larcll
18, 1992. III add i t i on ,  23 ]~asses (il]cluding  3.5 days of
corltinuous track il]g) arc avail al)le fro]ll ttlc ailotl]cr  nlca-
surclnmt  set about  the f i r s t  so l a r  c)r)posit ion; IIcnvcver,
at tl]at  time the roultd-tri~l light- ti]]w 7’, at)out 600 Src,
inlp]icd  a low freciuency cut off sewn times  larger arid
less interesting data. A dcscriJ~ticJIl  of tile exJ~cri[[ic]ltal
setup  is  give)]  in  (Bertotti  e t  al. 1992), wllcre  earlirr ref-
erences a r e  giveh about  ttlc ]~c)J)J~ler  I]mtliod;  a J)rc]iii Li-
n a r y  reJ~ort is found jr] (less ]994).  Gelicral]y  sl,ealiirt.g,
the quality of the data, as described by their Allall devi-
ation  UY(T),  was gcr]f:rall~  worse than tt]c Ilcxlli]]al target.
for t}tc cxperirncnt  (oY = 3 10-* 4 at all illt.egration ti]ilc
T = 1000 see); in particular, data taken  at the end of tlIc
ot]scrvation period and near tile o~)l)ositiorl  (at which irn-
J)ortant  Inanccuvres affected ttie s])ac.ecraft  dyllalllics  and
d i s t u r b e d  the DoJ)pkr ohscrvablc)  were I]crisier and lIavc
Ilot been used in t}[e J]rcsc~lt analysis, l.)asrd UI)OII data of
14 days, frcm] day GO to 74 (see l’ig. 1).

AII iInJJcmtaIlt and IIW asset of  our  cx]writne[]t  IVaS
the usc of two difkre~lt  dc)wll-lirlk  carriers, ill S-i~a  IId
(vLs =: 2 .293 GIIz) a n d  X - h a n d  (u, = 8.408 G]lz);  tlw
u])-lirlk  carrier was i]istcad at a sitlglc, S- f)arld frcqucl~cy
(VT = 2 .112 G]]?.)  ar]d dotl]llaatcd  tile pla.wlla Iloisc ( f o r
a study  of multi -frcquerlcy  links, sw ]krtotti et al. 1993. )
hfc~rmvcr,  for rl]ore  thal] 2/3 of ttIc tirlw, rr (V],])])  receiv-
i]lg station, in ltaly or Jallan, ill additio]l  to those of tllc
lICCII  Space Nctwc)rti (I)SN) of NASA, \vas used; ttlc colrl-
parkon  arid the ccmrclatio)l twt}rccn  thmc  f o u r ,  ~~artially
indcpcrldc]lt,  tilne series tlaVC’ I)CCII  Wry  illl[)[)rtalll  ill  U]l-

dcrstarldillg  and rcducitig  tllc r]oisc (SW less et at. 1987).
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A [Iotl,er I)opplcr  cx]mimel,t involving, hides UI,YSSkX,
C; A1.l I,lI;O atld MARS OINY;RVF;R  (which used an X-
barld carrier bclh uJ)- and down-li]lk)j  was carried out for
21 days  in March 1993.

Wllilc  ordinary binary siars }Iave a frcqucllcy l,CIOW
c r u r  Ilaltd,  cut ofl at aproxilnatc]y  the reci JJrocal of t}lc
roulld-trilj lig,ht-tilnc  7’ % 4 4 0 0  wc, ill a scenario  of gcll-
t’ralized IIicrging,of  galaxies, if the paretlt  systeIIIs  cot(tai[l
ill t}lcir corm Inassivc black holes, ttlcir  bil)ditlg  could pro
duce iln]mrtant trail isofgravit atic)lialwzikfcs, ‘1’IIC  I)c)]J1~lcr
rwFlclllse  to such a class of sources lIas bce~) discusscrl i]]
l?’’alllquist (1987); ascarc.tl in tllcralige 30t02000scccc,Ii-
tluctrd witlltl,cl’i c,r~cer 1 1  data (ArII,stroIlgct  al. 1987)
lIas set  a  90(X co]lfidcncc uJ,per  liInit  a t  tile dirnensio~l-
ICSS  alll~~litude of 610-14. Anderson et al. (1993), usirig
I’1ON1;1;R  10 data set up an uj)per lilllit  of 710-15 for a
‘etectioll  at SATIL = 1

FiK.  1. ‘J’hc  daily  Alla], deviation U“10’4 at an inte~ration  time. . . .
T : 100(1”  scc  for thc J)SN (sqllares) a], rf the \~l, Jl] data (l>]us
siglts);  o])~>ositio~l  occurred 011 day 58. ‘l’he ellhancrnicnt in the
Ia<t 4 days was probably due to t}ie interplauctary plasnla,

III tile J)rcse~lt J)aJ)er J,articular  care is devoted to sta-
tistically rigorous criteria to decide about, c,ur results, \\Te
}~ish  to avoid two errors: false alarm aud false dis]nissal; in
all mpcrilJlcnt like c]urs, ill which the probability of success
i s  low, we consider  tbc forllwr as prilnary.  I’ollowillg  t}le
!fey;llali  Pcmrso]l  theory, we coustruct  in the space A’ of
t IIc observable quant it ics (for periodic. signals,  tile squares
of tllc sJ)cctral  aln]~litudcs of the l)oi)p]er rtecord) a subset
.J’l corrcs]wnding  to announccrnerit  of detection (with a
giveli false alarln J,robahility  o); tlIis set sl]ou]d be chosml
ill sIlc}I a  way m to rninilni7,c the Palsc ctiwnissal prolja-
bility.  If [Ile record is uot colttained  it] Xl , for arly given
gr:ivitational wave alllJ)lit,rlde h, we ccrilstruct  snot her set
X~(/1)  ccmrcs]~onding to no detection a]ld illcrcasc h until
tile iiatzr pc)irlt.  lies ori its bcrulldary,  “1’llis detcrl[lillcs  .aII UJJ-
i)cr ]itllit to t,]lc anlJJ]i~  ude, with a give]) level of coIIfideIIce.
‘J’}le  usc of diffcrcllt  (UJ, to four) dif[ercllt ]hJ,})]cr  records

.aItliougl]  ~lot quite  il]dependcl]t  - Inakes our experilllc,nt

silililar  to a cclincidellce  cxperill]e]lt  a~ld lIas allowed rejec-
tion and understarldirlg  of troublcsc)llle outliers.

‘1’he  e][lission of gravitational tvavcs by a t,illary [It’ar
tile coalescence phase produces a characteristic itlcrease
ill its frequency (’<ctlirl)i[lg” ), }vith a well defined law; LtIe
technique to extract tt]is specia] siglial froi[l tile Iloise  Ilavc
I,ecll discussed arid al,l)lied to real data by ‘] ’iIlto & Ari)i-
strorlg (1991)  and Ar]derso]l  et al. (1993)  in ttle case ill
which  tllc acceleration of t.tlc frcqucllcy [Ilay be IIcglrc[ed.
III t he  present  pa]mr }vc tlave u s e d  it, tc)o (Sec. 6); i t s
stat is t ical  foul) datic)lls  are discussrd  ill tivo aJ)pejidicvs.

l’he [~rol~leln of ttle collstructiotl  of adtquatc filters
tc) detect. coalescirlg bi[lariw  IIas bte]] discussed ill several
rccerlt ]>apers ill cc~llllectio]l with tl)e future illt<,rf{rc)lll(’tric
detectors  (Sathyaprakash  &~.  J)llurwldar  1991, l)huratldtir
&Sa{}iyaJ)rak&~  ti]g~4, ]~ll~lra!ldaret  a]. 1{)9], l{]allc]lrt&r
Sathyai,rakrwli 1994, Koktic)ta~et  al, 1993). Mosl Oftllclll
deal with thcexact exl,rcssiclll oftllecliallge ill frcq~lcllcy
ar)d aInJ)]itude;  our \vork IIas the advaritage  of dcalir)g  }vitll
real data.

2. I’l)c  km)8 of LJI,YSSES

\\’idc barld otmrvatiolls of gravitational wavm gcIILIally
I)rc,vide itlforttlatiol)  at)out tile dista]lcc  of tile sc,urc~,.  (’o-
laJms  clnit at tllc c}laracteristic  fl(,{]uellcj

j+

a n d  J)roduc.e  at a distance  7 all tilll])lituclc

(1)

(2)

Ilere c is the efficiency with whictt rest eIlcrgy is rzrclia(ed.
away; this quantity is ullccrtaitl, t,ut should lie I,etww]l
0.001 and 0.01. Masses arc riieasurvd ill sccoIIds: a solar
rIlaw is 4.8 /[sec. I:or at} axially sytl)rnetric  collapse l’i-
rall L’ Stark (1986, j). 64) have estilnatrxl  the constant
k] Lctwccn  0.035 a[ld 0.08. ‘1’tle frcyucncy of olwrratio]l
dcter~lli~les  (wit]l kl = 0.06) tllc colla~jsillg IImSS

1.3104 H?
‘M=-

( )

11111?
MC, =  1 . 3 1 07  - A!@ ;

J f

the amplitude then deterlnilles  tl!c distartce

(3)

“’-’’d’’”?’) (’”i”) “J)C (4)

‘1’hc \rirgo cluster is at 20 Mljc.
k’or periodic sources wc Ilavc a stallciarcl tIIc)dcl f o r

ttle enlission o f  gravitatio]lal  trailts it) Ivlticll ttlc elivrgy
10SSS, excludi]lg ot}ler  lcwses, like frictiotl  ~vith a [I)miiu[tl,
i s  I)rol)ortic]na]  tc) tile square> of  tlje [tlird dcrirativc  o f

8 F’ro]n the Oxford I)ictiollar.y:  “ral,gc of sight or kIIowlcdgc’.
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tile quadruple morlmnt.  In this case the orbit sc)o~l be-
colncs circular and we have a wave train of incrcasilig  fre-
quel)cy, a!n}~]it,  udc and Landwidth,  uittil final coalescence
occurs at, say, i = to, It lnust  tIe notecl, however, that ill
~~rwmlce of friction the eccellt,ricity lnay increase, rathcx
ttla)l decrease, giving  a signal  of entirely  diflercnt  form
(l;l~isuralii  C( al. 1991; Fukusl)igc & ]+;t,isuzaki 1992; Vcc-
cllio et al .1994 slid otltcv paper s,) ‘] ’he ~Jresmlcc of a dil~ole
colltriljutiot)  in (lie crnission c)f gravitatiolla]  waves (e.g.,
due 10 a radiating “fifth force”) would also giw a difTcrcnt
signal  (I{crtot(i  &~ Sivaraln  1990).

I’or a  s tr ict ly I>criodic signal tile Dol,pler c,lmrvat)le
u = Av/J) is dr.-t.crlllilled  Ly the dilncnsio~iless  alllplitudc
/1] : /11,,,11 p,~v ~~llst,r[]ct,cd  w,itl) tile IIull four- wxta ‘tp
alo]Ig the ray a~ld is giveli Ly tlic real part of

wtlerc 7’ =. 21, is the round-trip light -tirm. “]’he  illstru -
lllc]ttal  factor

/,, -r- Coso
+  C(X UC’ -ai(l+cos0)j7’  __ -1 + Cosoc - 2x Ij7’

2 2 !

gcllrral]y  of orclcr  ul)ity, satisfies O < 1}”1 < 2; it p;oes to
zero WI IC]I  $7’ + O a~ld also WIICII O, the angle Lctwccll
tllc source  and tllc s~)acecraft, tends to O or n, ‘J’lIC first
lilnit  is rcql)ired Ly the };quivalcl]ce  l’rillcil)lc, tl]c sccorld
l)y llIC transversal cl]aractcr  c, fgravita(iollal waves (wllicll,
Ly tile }vay,  has ~lcver t,ccvl tested). l]) the form

(6)

the two lilnitilig  Lcl]aviours  arc appare)lt:  whml J1’ <<1

F(jT, o) = nijT(l - Cos? o) + o(fT)*;

Wllcll Coso = 4 (1 + 6)

[

~- 2rif7’  _ ]
F(JY’,0)  = 6 - ~

1
-- rrijlq + 0(62) .

II] tile conventional view the elnission c,f gravitational
wave by a hil)ary  wit]l total Jnrws A4 arid reduced ]]~ass p
dc[,cllds  011 the mrrss  pammfter

wllicll a~)j]crms Loth in the alnplitudc

,, = ym 1)1’/3

2-Y
[rrj(i)]zt~ (8)

and in tile frcquc]lcy

( )

5
3/8

rrf(f) :
1

256 ;nsqio –  i)@

‘1’hc time to coalcscmcc  to --t and tllc frequency detcrlllille
tile mass parameter.

‘1’he frrctor {35/2  in h results froln averaging II; over
t]ie (u]iknown) polarization a[lgle p and the (utlklio~vil)
angle t twtwcen tile IIor)llal  to the ort~ital [Ilalte a]]d tlic
direction fro]]) the source to t]lc olmrvcr; t]tcy aI)l,ear ill
/11 ill tile cor]lbinatiori

~’lle tilnt’ Lo coalmcelicc is related to ttle dist,allce  t,y

(lo)

‘l’tic nulllI]cr

A  :-. ~]z~-~p~{~

is aLout  427.
A  l)op[jlcr  record  earl Le at)alyzcd ill ~ouT dillire[it

ways, c.orrespo]lding  (o dccreasilig, titlw to coalcwcl~ce  arid
i]lcrcasi]ig distal  lcc: ill going doivil ttlr list wc CIO itjcreaw:
our kc]l, t)ut at tllc cx[)ctwe c)f ]ookillg for sources of sllor~cr
lifctilnc,

1. At slllall distances \ve call scarcll for a strictly si]lw
soidal signal; for a record of IcIlgtlj 2’1 (with [1]( ori -
g,itl o f  tilnc  irl tllc tniddlc) at)d a frcql]ency  rmoltltioll
Af =- l/7\ this rcyuircs
~idJ_-  -3  Yif <_]
‘2 >i - l(ii[,- f 7i ‘
or

1 16 1
~- .4hl”j2 <- -

10-- t 3 f7y ‘

(11)

(12)

‘J’aking for reference ty[,ical UI,YSSI;S’  values, this  inl-
p]ics

16 1
“ < 3A i7;f3 =

(13)

‘“ 70’’c(:1:’5) (’OT’c)’ (’’7)3’-’”
‘J’he galactic ce~itrc is Illargillally  reacllcd at low frc-
cluencics.

2. We can extend our ke]l Ly lookirlg for a Iillearly cltir]wd
signal,  cliaractcrizcd  Ly the ]Iaratllcter

(14)

(Ii)
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\vc CaII search tile WIIOIC record for the chir}wd signal
with ttlc a]lpro])riate,  non Iillear law. III this case tlie
kmi is still Iargcr:

3

(

fyi .7’< - jL’\ t’1 :. 190?’] -
16 nlllz lo~ Scc )

(](J)

‘1’o rcacll g r ea t e r  distance  wc ]nust use  evcJI sllor[er

b) falsely dislllissi~lg dctectioll.  \$’c I,roceed ill two steps,
First  wc undertake to deter~llillc ~vlletller wc are allowed to
declare detection (option A)); i~l this case we give r,riority
tc) avoidi]]g error a). If this dot:s  IIOt succccd,  \vc look for
tile conditio]ls ullder wl)ich wc are alloJvcd  to dcclarc ]11.I
detection and tt)ereby set u1) a[l u}llwr  lilliit to )1 (oI)tioll
11));  ill this case tf]c error h) is ~lrili]ary.

l!’illl the assutll~ltioll  tliat  tllc IIoisc is !)urely ratldotll
and white ,  tile otmr~’at~lc  ~’t has tflc sirlll)le IIroljallility
distrit]utio]i

trains, ill which coalescence itself is itlcluded in the
record; t}tis class of sources merges }vitll the wide band
lJulses. “J’})c  I)ulsc swrrc]l  wit]t LJ1,YSS1;S’ data will he
discussed in ar)c)thcr paper.

3.  {;]it [:rirr for dctc!cticm

\$’c review IIOW tile detection criteria for Imriodic  sigrlals
(see, c. g., ‘1’iIrto  &! Artnstror)g  1991);  the I)rol]]er!l  clf dctec-
tiorl with  [WW c~r lrlorc corrclatccf records will [W discussed
irl a scJJaratc  ])aiwr.

A strictly I)criodic binary systelrl produces a peak ill
tlic sl)ectrurn  SY(J) o f  (IIC lJol~~)lcr ol]scrval)lc  a t  t}vice
tlIc  orbital frequcuc,y  (and its Ilarlnoliics  if the ccccrltricity
does l)ot var)isl]).  A scarcll fc,r SUCII  })ca!is with a record of
Ic]lgt}l 7i is I)ased ul)on a discre(e  realization Sy(f~)  of tlIC
s]~ectrurn,  a t  frequcrlcicr+ jk sl)aced by 1/7’1. \~’e assurl]c
that tl]c a~n},litudcs of tt)e spectral noise are gaussia]l and
ullcorrc]atcd, wit]]  varia~lce (.$(~k)). ‘1’lIC gaUSSiall  cllar-

ackr is cx~wc.ted  on the basis of the Central Limit q’lle-
c~rcrl!: tllc alllplitudm are Iir]car colnhir]aticnis  of a large
Ilurnl)cr  of rando]n  varial]]es,  t}le IJopl)lcr  record itself.

“l’lie Ilor~l\alimd s~,ectrum

-Sy(fk)

‘k ‘- (Sy(jk)) (20)

defines  our sall]I)le  sl,ace A’ n {a-k} (restricted tc, nc,n ]leg-
ative  values), with N dimensions. la UI,YSS1;S’  record
urlclcr col}sidcration  N w 65, 000. in practice, since a sin-
gle record is available, the average spcct ruin (Sv(jk )) is
al>l,roxil]latcd  Wit,ll  the average over the band around ,fk
wllcrc t.tic s~)cct,ruln is al)~)roxilnately constant; indicating
with a prirlle  this su!r]lnation  ar]d witlr N’ tile ]lulrll.~er  of
SUCII  terllw,  wc sl)all deal wit]]

(21)

C2 is t.llc rrlcan s~)cctral  amplitude, slowly varyil)g  with frc-
qurllcy.  Sirlli!arly,  tllc alnI)lituclc I’h of a sinusoidal sig!lal
corrvs~mllcls  to a rlorlrialized spcciral  ]]eak

,C,2  ,  pl:
0?

(22)

our  ]~roccdurc  (see, e .g. ,  Silvcy 1970) airr]s at avoid-
i]lg Lww different errors: a) falsely declaring  detect,iorl arid

po(T~)  =. exj, ()- X’k z ]~ f’o(J’k)l
k k

with vo]ulrlc elclnrrlt

PrJ(2) : k’- = (2’1)

tltc l)roLat)ility  distril)uticrt]  for a sitlglc bill. lJI ttlc real cast
ttlc assulllj~tiori of a flat sI)ccllrlr[i  is not quite corrtct, I)ul
ttlis assullll,tiolt  earl I)c tested wit]] I1)C data  (see Ii/,. 13).
Nc,glcctillg  the (strlall) corrclatiol]  l)ctl~crll  diff’frcrlt  >Ijrc
tral bills dccreascs tllc r~robrrl.)ility  of false alar]n;  lioirever,
siltce we shall declare ]Io detcctioll,  ttlis  lI~Q ttlc cff’cc[  of
Illakirlg our tllrcs}lold so~rlc~vtlat IIig,ller tllalt  ~lecessary.

in o~)tiol{ A) we slJtill alilloullc.e detection if one or ]r~orv
of tile coordinates is larger tllari a tl]resllold ~, tc) wit, if
zk lies outside t}m cutJc Cf of side ~. ‘J’his thresl)old  is
detcrnlincd  by the  rcquirc~llc~]t  t ha t  tllc frilsc dctcctiol~
I,robal,ilily  is ck, that is to say,

Sillce 0<<1 this is ai)})roxi)r~atcd  by

A’c-’*  +02+... (26)

III U1,YSSF;S’  cam,  ~vith N = 6L,000 arid o = 0.1, ~ =
13.38.

I n  optic~n 11) ~vc illtrc)ducc  irl A tllc I~rot)at,ility ltlca-
s u r e  p~(r~)  w}icrl a sigrlal of alnr,lit. udc F’h arid rarldollj
phase is added to the gaussiat} Itoisc;  for a sirlglc fr-cqucllcy
it is given, irl terri)s of the IIcssel furicticlll of irrlagirlary  ar -
gulrlellt lo(z),  by Rice’s distrit~ulioll  (sm \$’l)alell  1971 atid
Rice 1958):

It is ~)roperly ~lor]rialimd to unity }~or [lIt’ whole set
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j lal)cls ttlc spectral  Ijoi[lt wlierc the sig[lal is foultd, as.-
s~)rllc{i  to]iewit]teq  ~ja]a~)riori  prot)abilityin  thcolmcrved
s}}cctral ral)gc. h’otc that, it) doing s o  we rlcg]ect t]lc fact
that, at a give]) alnplitucte  and for givc~i  nlawcs,  t}lc dis-
tal,ce c)f tllc source itlcrcases  with the frcqucllcy (eq. (IS));
ttlustlle a priori ]Irol)abi]ity ofa sig,~lal increases with tile
frcquellcy.

\l’c clJcrose to declare  110 detection ifnos~)ectral colIl-
],ol[cllt is larger tllall  a new threshold k’, function oftlle
all]l)litucleal]d  detcrll]i~)cd  by thcfa]se dis)~lissal  I)rcltjal)il-
ity

[
dN/~,~(Zl)  = ~l(i’,l~l)=

. C*!

—..— (] ‘- e-@ ’)Ar-]  ~T’d#~’h(l). (~g)

‘1’llis corres])olids  to tllc prot)al)ilit.y of a signal bcillg
l)rcsrtit  only ill the });I1  wit]] largest  all)~,lituctc.

1]) I)ractice,  for a given record, aticl after having carc-
ful]y cli]niliatcd  a l l  tile spuric)us  s[)ectral cc]~ll})ollellts
Ivllicl) can be ascribed to ot}lcr causes and therefore are
[lot ralldc}rll,  wcsct @ equal to r,,),  tile largest oft.be  r~’s
zittd declare, at the level of collfidcllc.e  1 – a, no dcfccfiont
ijille.t~[jll)lolizcd  a?rzpliturfc is srnrrllcri hat) the ihrcshold
Ic(i’)1 giI'el, t)ytl,c r,rc~iousc q[)atiotl.  rJ'}leflitlc.tio1l

‘(’’’))” ‘- 0-’)[- (Y2W”(UU’)  ’30)
wllicll  has been exknsively studied (Whalctl  1971, Sec.
4.4).

\ f ’ l i e n  u  : Icl/> a n d  v = {2Ti > 1, Irr-vl < Iul,
l]sitlg t,]le asyI]]~)tot,ic  exl~rcssioti  f o r  tllc Rcssel furlctiotl,
wcsec that JIIcrst  ]]]assoftlle  intcgrand  ]iesllcar  U, so t]lat
1- Q<<] and

o=(]-Q)  (]-N  e-T’+ . ..) Q-t-...., (31)

rrl~){osf  indcpcnrirni of N. ‘J’lle danger of false dislllissal
]]li\itlly  coII~cs  front tile l)in with largest arllplitude.

l]] ttlis  case it is convclliellt  to rna[, ttlc prc)t)ability ir
illtC) t]l~ Ilor]ll?r] gEIUSSiall  VrIriatJ]I?  S:

1

J

.9
(-r(i’,  kl) ‘- -?~; _~, ffs’exll(-- s’2/’2).

For instatlce,  when n == 0.1, s = -1 .30.  III that li[llit we
Ilavc the ‘rule of thulnb’

&’= Wlcl + s; (32)

i]i other words, tl]e variahlc  ~fi2J’ is mmnally  distrit)utcd
arou]]d  tile m e a n  /j)cl, WIIe  II i’ = 13.38 this  giv~s
Icl =  4.58  Ill t~ottl o}~tio),s lve l]a~c cllcrscn a  sil]j],lc
and ~)ractical class of i)artitions  of X i.e., N- dilnctlsio]lal
cuhcs. IIo}vevcr, this I)artitiolt  dots Ilot quite fulfill Ney -
II)ali I’earscnl cr i ter ion,  }~llicll rcquir[,s  alsc~ to Illi]li[llize
tlIc risk of false disll]issal ill o~)tiolt A) slid of false dett,c-
tiou ill o~~tictn H); ill }lrillci~~le  ollc should collsidcr gcilrral
~,artitions. }Jortllally,  ill ol)tiotl A) ICI .Y == XO U.YI , lvlIcI(
Xl is tile ‘dctectioll’ set, wittl

I d*rrp(J3’k) = C4; (33). .

J
rf’vrp}, (l~) = [1. (34,

x:

A way to construct tllcsc I)artitio]ls  is ]Jrovidcd I,y [tic
Ncyll)all-1’earsol] tllcorc)ll.  Co]tsidcrillg  first o~)tioil I\), ~vt
construct, for all lJositivc IIul]ll)crs  k, tllc clziss ofse(s

jyk .
{ }

,  p,, (r~) >k

‘k “ ;,()(2’k) -

q’hc ap~iropriat,e value of k is deterlililied  by eq. (33).
lrl our case tile lNcylIIaI] l’carsol)  surface

(3.5)

is of irlterest far froln the origirl, corrcs])o~lding  to large
thrcsllolds;  also, Icl >> 1. ‘l’lie fullcticrrl  10(21  cl+),  for large
values  of the argutllcnt,  iltcrcascs  cxl)o]]ctltially with {i;
IIence we expect the sul[ltnatioll  ill tlie previous equation
to be dcj~nirlated by t}le largest  coordiltatc  Y,,, a!tcl Lc aI)
],roxirilat.ed  hy:

Sillcc the Bessel fullctio~l  ID irlcrcascs }vitll i t s  argulllellt,
Iiellce Ivith r,,,, /Y~ collsist.s of  all ~)c)illts  ill .3’ f o r  }Vllicll
tile largest coorcti]tatc  is greater ttlal solne value J’,,, deter-
rilitlcd by k (altd o). ‘J’]lc com~)]cllwllt  .~k of tt)is set is just
t]le cuhc of sire ~,,,. Our clioice of tile “I1O detect  iol) set”
dots not quite  IIlitlilj]izc Llle falst  disl})issal  l~rolml)ility aiId
}vill give a thrcs}l  old solllcivllat  liiglter t})afl tlccessdry.
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4. ‘J’}IC data Set

As cwl)laincd in (Hertot,ti  et al. 1992), the data have km
oljtailled  using  oIwl and closed IOOJJ receiving systclns  at
ttw l)SN stat ion ar~d l)igital Tone Rxtractcms  (IYJ’K:) at
tIIC \~I.111  anterirlas.  “J’he  tllrcc  ctiflcrmlt types of data have
I,ee]l ~>rcr)rocesscd  arid reduced to data sets with the salnc
structure ar~ct contc])t (the  sky frcqueljey of the rcccivcd
radio  sigrlal  with ancillary ill forrnatioll).

‘1’lIc  output of open 1001)  receivers is cmclltialiy  a til[w
scqucncc  of  voltage san)])lcs of the down converted earlier
signal.  ‘J’]lc lncasurernellt  I]alldwictttl call bc sclc~ted ac-
cc)rdi]]g to t]]c siglla] SICM, rate and SNJ{. For tl]c lJ1,YSSJ;S
cx}lcril}lcl~t, where  the frequency drift  is low allct the only
rclcva]it, illforrnaticjn  resides in t}le rilain carrier sigltal, tllc
l,allctwidtll  }va-s  chosen to the srr]allest available value (100
117,  corrcs]~or]di]lg  tc) a sa]]]pling rate of 200 117).  1]] s~litc
c)f t}lc low satll])]irlg rate, al)out 6 Gb o f  opcII  loop  ciata
]I:ivc I)CCII  co]kc.ted  during t]lc 28 days of the cxpcrir]lc~lt.
‘}}](  rccorlstruct,ion  of the sky frequency was [Irrfc)rlncd
wit])  a digi tal  [)llase lock loc)~) [~rogralllllmt at all i]]teg,ra-
tion tilnc of 1 SCC. I)UC to their superior quality, cs]wcially
at IIigl] frcqucmcics, OI)CVI  1001)  data arc ttic I)ri]]lary  data
set of tlIc cx~)crilnc]tt.

~;losed 100]) rcccivcrs  a r c  routillc]y  clll]~loycd I)y tllc
l)SN fc)r sl)acecraft  t r a c k i n g  a]td ractio]nctric rl]casurc-
II II: IIt S. ‘1’IICSC  data have becIl used .ss a back-u~~ whcmcwr
c)i~c])  ]cmp data were riot available, ~)rovidcd  that the tirnc
srquc IIcc }Iacl no alJ1)reciat)le  degradation.

‘J’he I)igi(al “Iotlc  E x t r a c t o r  (IY1’E),  built by G. Co
lnoretto, has beer] clesigl]cd  to n]easurc  t}le phase a]ld the
arll]]litudc  of a colicmlt signal at tlIe output of a MARK
111 Vl,]{l rcccivcr  . ‘l’he digital data stream  from tl)c
hfA I{K 111 is correlated wit}) a sine and a cosine wavcfor)n
gclleratect  by the }]- maser  at a freclumicy prograrnlned by
a colitrol  cornputcr.  ‘J’he  output of t)oth rllixcrs is tl~cu
low- [mssc-d t)lrcnrgh an il]tegrator  to rcconst ruct the phase
a]id t.}lc arIijjlitudc  of the rcceivcd sigl]a]. The whcIlc sys-
te~ll acts as a fully ~,rograrnri~atk,  re.al-ti]nc  ph~~c-loctccd
looj). \Vit h t}ic flexibility of ar] open loop system, the IN’]
has tllc actvant agc of much ICSS requirements for data stc)r-
agc.

OIIcc the sky freqrrcxlcy  have been reconstructed from
t tic recorclcd dnta, a careful procedure h~< bccII used to
edit  tllc outlicrs, ~lirninatc  (as far m possible!)  the ordi-
]Iary l)ol}r~lcr  cflect arid the contril)ution  of the iritervcitillg
]Jlcdia (Ikriotti  ct al. 1992, Agrcsti et al. 1986).  ‘J’hc or-
bital lkq>]>ler sl~ift  can h removed either using the orbit
])c~crll]illatiorl  I’rogra]]l dcvc]o[,ed  at Jet l’ropu]siori l,ah-
oratory (Moyer ]971) or by fitting the data to a Ii]lear
col)~t~il~aticnl  of tl~c six functiorjs

1, t, sir) wfi;  t, cosw~;t,  tsiltco~;i, tcoswf;t,

wllcrc w], isthcangularv clocityoftl]c F:arth (Curkc]ldatl
allct McRcyr]olds  1969). lrl a later pa]]cr  wc sliall discuss
also illc ]Ioisc structure and collip arc tl[c twcj t~lctliods; il\

t.hc present i)a[)cr  w’ccollfi)le ollrsclvcs lc)t}iclllllcllsilll[)ler
six Jjararnctc!r  fit.. Note a]so that the sej)aratiorl  bctwccw
the orbital co]~tril~utio]l  and tlIc gravitatio]ial  sig[lal, at
Ic&st abilliori  tirIJcs  slIlaller,  is[Jossil)lc bcca(lse t}lcforI]lcr
llasa I[laill part at t}lc tinicsctilcof 1 yand ali~leat tllc
frcque]lcy  u)}.;.

‘J’llc sccottd lar.gcst co[ltrit~utio]i tc) tllc frequency sl~ift
(alttlough  a  rniliioll tiltlcs  .sInailcr, 20 to 40 Inllz)  C(,IIICS

fro]n the tinw-varying,  elcvatic>ll-dej~e[ldctlt o]~tical pat]) it]
ttle trc)posl)hcrc.  %vcral  lnodcls rllay be clt]~)loycd to cal-
ihratc  or fit c~ut this cfkct. \l’e llavc USNI a deter  lllillistic
cali})ratiort whic}t colnl)i]lcs  IIwteorc)lo,gical  data Illciisur(,d
at t]lc track irlg sites wit}) a sinlr)]c geomctrica]  ]nodel due
to Illack arid Risrlcr (1984) .  ‘1’IIc  ra]ldolll Jluctllatiolls  of
tllc troi]ospllmic  refractive irldcx arc Lclicved to be tleg-
ligit)lc at the scrisitivities  of the prcscllt  cxperitncllt  and
have IIcvcr bccu clearly dctectcd  itt our data.

‘1’lle iolicx~)hcre produces siltlilar,  altllougt} Iiiore colI1-
plex, cc)ntrihutio]ls.  ‘l’tic io[lc)s~jl(eric [Jatl) delay varies lmt
or]ly with the clcvatioti, I)ut also as :i consf:quer)cv  c)f daJ-
liigllt Cilallgcs of tlic plasll]a  densitj’. Altllougtl  it is ]Ios-
sil]lc  to filter out ttlis  cc~lltrillutioll \vitll a ]mlyllc)li)ial  fil.
it is far lnorc rclial)lc tc~ cxl]loil (Ilc disl)crsive [JruJ)cr[i(.~
of tile iollos]]llerc atld csli]oalc  tlJv llatll  delay vari;iliot)>
froln d u a l  frcqucllcy or I:araday rotatic}]) lIICaSUICIIIVIItS.
‘1’IIc  I)SN rclutiltely j~rc)vidcs,  for  caclI j)assage, a ]JoljriO
II]ial illtcr}~c)latiorl o f  tllc cxl)ccted j)atll ctc’lay along II!{’
Iiuc of sight tc) tllc s~~acccraft. Since tllc raw iol]osi)llcric
data are ot)tai~lcd  wittl s~jacccraft it) difltirent parts of tllc
sky, a rl]odcd of the iollos]jllcrc is used. ‘1’hc dcgrcc c)f t lie
illtcr]~olatiug polynoinials  is ill gf:l~eral  low (4 or 5) alJcl,
tllcreforc, the data c.atl co]ilpc)lsatc  oilly for ]cnlg tirlw scale
variatio]ls  (shout 2 h). As for tllc tropospllcre,  ral)dolll
ionospheric fluctuations sliould prc)duce a negligible efl’cct
altcl rosy bc partially colll[)clmted  for ill a statistical \vay
with the Wic]ier  Jilter descritled  below.

l’hc interplanetary p]a.snlzr is likely to be the dor[linanl
noise source in the U1,YSSIX  cx})cri]ilcllt  and therefore a
special effc)rt has becll devoted to its reductiorl.  Wc tlave
applied a statistical ccnn]>c]]sation  ~~roccdure  Lascd  on a

Wiclicr optillmrn  filter (llcrtotti et al. 1993; scc also Savicli
1973). ‘1’hc filter csti]nates  LI)C u{)-li]lk ~llas]ua  contril)utior)
near o])pcmitior]  frol[l t}lc dolvl]-li]ik colttributioll,  c)t)taincd

as a ]incar  colnt]illatioll  of  t]lc .S a]lcl X band c)lmrvablc
quarltitics:

(38)

‘] ’he ernployr-d  }$’iellcr filter is also llearly ol)tinlal  for tlJe
ratldoln noise due to the ic]]iospllcrc,  wllicli is therefore
rcduccd. An ovcxall reductio]l  of ttle Alla])  deviation c)f
at~out  30% of the Allan deviation has becm ot]taitlcd  at
lotlgtirllcs calcs(500tc) 1000 scc).

W C have cousidcred ONIY  a tilnc  srquc]lce  of 14 days
(see Fig, 1) ajld b a s e d  o u r  ;inalysisoll  tllc S- a]ld ttlc X-
t~a~id phases ofi
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the IY$h’ data for 6770 of the total time;
(}IC Vl,I~I data for 63 % of the total time.

‘1’hc S.hartd  was always noisier than the X- ba]]d.  ‘l’he
V],]]] data are always available in couju]lctiou  with si-
II]ulta]lcous  I)SN data. F;ach record consists in a scquc~lce
of llu]l~l)crs  y(f; ), wit])  sa]rl~jling  tilnc  Al O f  1  scc for the

l)SN record, 0.4 arid 0.25 scc for the Drl’k;  at Medicilla al~d

Kas}li]lla, rcs])ect,ive]y.  Although tlie tracliiug IIa.s bee])
cc)rlti]luous  from all IEh’  corllplexcsj it has hccw irnl)os-
sil~lc to usc o~)cn loop receivers at tllc Ilccp Space Staticn~
(1)SS)  12 at Golclstone,  which were scheduled to start cl]J-
cratilig on day 64. Ilccause  of their larger  noise at high
freqilc]lcies,  ill gclleral  we have riot used closed 1001) data;
ttlc gal M irl the I)Sh’  data are rllostly due tcj this rcasoi]
and rlol to poorer  perforlilarlce. ‘1’he  data have heal omit-
ted WIICII a poor stability ccju]d t)e traced to hardware
Illalfullction,  sl~acecraft JJiar]mrvres or bad weather. Siuce
tlierc~~asllocoverageir~ cc)rrcs})cjrldc’ric.  etot}leGoldst.ollc
I)ass[igcs,  tlleelTJ,Ill scqllerlcc  sllowrs ga1)sofat)ollt  fSliours
evmy day, so that the two ti~]l.escquerlccs (I)Sh’  and Vl,lll)
allnost  ovcrla}).  Also we did IIOt il)cludc data acquired at
clcl’iitiolls  t.)clow 15° for rcce])tion at a diflcrent statiol]
(tllrcc  Jvay) arid 2 0 °  f o r  rcceJ]tiorl at the salne statio~l
(tivc) lvay). ‘1’lic  rcllioval of tt}e orbi tal  lk)])]~ler  shift ill
s]tort ttlrcc  w a y  I)assagcs ]Ias becrl dc)tle w i th  tl]c C)rl]it
IJctcllilillatioll l’rog,raln

[Jllforturlately  tile s~)cctra  are corrttptcd  hy the rota-
tic~ll of the sl~acccraft,  with nolnil]al frcqucucy 1/12 IIz,
arid its variatic)n;  this produces directly or, tllrougl)  alias-
ilIg, iltdircc  Lly, l~lally strc)llg lillcsat)o~’c~2 = 5 10-2117. I t

is irlterestirlg to note that  the analysis  c)f these lines pro
vides  ficcurate  il)forlnaticjn on the attitude of t.hc si~ace-
c.raf[ atid its rotational motion  (less and Arduil]i  1994).
Wellave confined our a~lalysisto  ttlc baud tmtween .fl =.
2.31(~-4  lIZ=- l/1’ and  f2, i]lc.ludi]]ga})out

A’ T j2!l~ = 6 5 , 0 0 0

s}~cctral  birlsof widt]l l/7i = 8.3 10 - 7H s .
\$’hilt l/2i is the trest frequency resolution attairl-

ablc with  a discrete Fourier trarlsfor]u,  O)IC worldcrs if,
fc,rtl~c c~r~lysake  ofdeternlining w}lether a line isi)rcmlt,
a coarser spcctruln provides abetter alternative. ‘1’he  all-
swcr is Ilot obvious: while the avcragirlg depresses the sig-
]lal, by dimiljisliirlg  the nullllwr of degrees of freedom of
tllc Iloisc, italsoill~pairsits possi})ility ofsimulatiltglatge
sJ~ectral ]il~es. Wit,]) au analysis  of the false alarlli  J)rob-
al~ility o]) a~~ averaged sJ)ectrum wc have cmifrrrncd that
ttlis  is Ilc)t lhc case.

5. TIItwslIold for ~)ericrrtic.  sigymls

Fig. 2 co]lfirll]s the expectat ion that  t}ie sJwctral arllJ)li-
tudcs  llavc a gaussia?l distributiauj exc.eJ,t for two out]yil~g
liIlcs. III the otmrvcd distril~uticm  of occurrcllccs  of the
l)SN tiltwscqucrlcc tll(’lir]cs  tllatli cat)c)~etllc threshold

i == 13.38, corresl Jor~dillg to Q = 0.1, or 90cZ, con fidctice
lCVC1,  occur at the followiug  frequertcies and norll)alizcd
amplitudes

1. 1.6659010 -2NZ, 16.1;
2. 3.3333910-2117 13.5;

‘1’heir ex])ectcd  nul]}t)er c>f occurrc]lccs  Arc- r irl a sati]i)]c
of 65,000 hills is, resj)ectivcly, 6,6 10-3 atid 8,9 10- ?. ‘1’llry
dc.serve attelltioi} as cal~didat,e sigtlals.

]](JWCVer,  IIOIIC’ o f  thCsC lillCS Chll bC attritllltd  tCJ graV-

itatio~tai waves and detection  (o[jtior] A ) is tiot at tairlcd.
lr~dccd, the VI,]]] til[lc scqucIIcc  does IIOt show aIIy outlicr
of this r[lagilitude arid arly coi]]cidclit  poww erlllaIIcvtJleil[;
indeed,  the r]orll)alized al]]l)litudm  at LIICSL frcqucllcirs  III
the VI, III powwr s[,cctrull~  arc 1.1 a]id 3.8. ‘J’IIc  na~urc of
tllcsc Iiue is IIOt yet fully understood. A possil)lc cxJ)la-
~lation, that needs liowcvcr furtl)m  i~lvcst.igaticr]l,  could t~c
tltc aliasing  of stro[lg  higl) frequency lines duc to ttIc rota-
tiorlal dyIlarl]ics of tllc spacecraft. Since t}le firia] Nyquist
frequeucy for the I>SN record Jvas lmvcr  tllarl for tllc VI,lll
data (tlic sarrlpliltg  tilnc Ai was set at 0.25 scc at liast~ii~m,
0.4 sec at filed icil)a a!ld 1 scc for tile l)SN OI~eII IOOJI  tlIca-
surelnrvlts),  all rotatiorial  lillm Il]at Iic }Jet\vceI] ().5 a]ld
1.25 II? are alia.wd C)IIIY  into  tllc Nyquis[ baud of tllc I)SX
IIlcasurcrncllts, wl}ilc arc correctly filtered c)ut ill tl]c 1) ’1 ’1;
data ]Jrcjccssillg.  llowcvm , 011(’  Callll[)t eXcl Udc at] iljslr~i.
I]ie]]tal  origiri.

I;ollo\villg  ol)tioll 11, Ive tlIrl I locIk f o r  ul]ljcr lililits (o
the sig!lal au]l)litude.. ‘]’]Ic  sil}~l>]er w’ay to csti]llatc  t]Ic
tnaxirl}u]n  aln]~litude of a si,gllal IIictdcli ill tllc IIoise  is to
co]lsidcr  the lo detect ion lCVCI, i.e. to rl)ea,sure, fc)r cacll
frcqucticy, ttw sl)cctral  level corrcs\lc~Iidii~g to a IIcmllialimd
altlplitude  r = 1. SUCII a line would give rise tc) a false
alar~rl with [Irohahility  I/c = 0.37 atld,  therefore, allorrt
37% of the lium would appear at a higher IcwI. ‘1’tlis Icvel
correspotlds  roughly to a sigtlal with tile salne  rIlagllitudc
as t,hc noise (ShTR = 1). ‘J’he ollc-sided poivcr slwctral
alll]~litude is related to t.lle dirnelisio]ltcss aln~)lituclv  A of
a sirlusoidal gravitational wave t]lrough tile rclatioll  (SCV
cq. (5) for the dcfiuitior]  of f+’)

(w)

‘1’his  quarltity  is Jllotted ill Fig. 3 for the IXN  (]o~vct
curve) slid the V1.111 data (ul)lm curve), wit}t t}le gclleric
va]ue 1 for the (unkt]ow’n)  instrurnetltal  factor I}’l. As ex-
pcctcd,  the scrwitivity  of the V1, II1 data is worse at IIigll
frequencies, due to the slllaller  size of tl~e aute]~nas  ai~d
larger thermal noise. OIIe I]lay cc)rlcludc ttlat, usi IIg tlir
sInoot}led spcctrull]  as a fig; ure of Ilwrit, ttic sensitivity of
the UIJYSS1;S cxl~crilncllt varies frolll s h o u t  3 10-15  a t
low frequel]cies  t o  10-]5  at IIigll frcqucilcies  ‘J’lie ex})f:ri-
I]lcutal curw  car) be frttcd wit}]

h(j) = 310- l~(j/llz)-o 26. (40)
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IIowcvcr, the analysis of SCc, 3 and eq. (32) ill partic-
ular,  SIIOWS that sig])als up to at}out 4.6 times this level
cati he l]ictdell  in the data record, without giving rise to
dctcctiorl,  at L}IC 90% ccj~lficicllc.e ]cvel.

11’ig.  2. ‘1’hc histogranl of the  di[[lcnsionless  spcctruni (eq. (20))
mrllflrrns its gaussiau  character. Squares aud plus signs refer rc-
slwctivc]y  to  i]IC  I)SI! altd \II, Ill tilnc  scquellccs.  ‘1’lIc outlyiug
l,oints  arc discussed ill t}Ic text,

—

Fig.  3. F;quivaleat dimensionless amplitude of the gravita-
tional waves obtained from the DSN  (solid line) and Vi,]]]
(da+cd line) tin,c sequence. ‘fthc spikes in the IEN data arc
discussed in t}Ic texl.

G. C~l]irlwd  sigymls

\Yc confiite ourselves to li~lear chirps (cqs. (14) and (15)),
a sill]])lc gcrlcralizatiol)  of strictly periodic signals which
is free fro]]) ally assurn])tion shout the prevailing cltcrgy
loss (or gait!!) of tile biltary  systcm.  (Ilowcvcr,  we have
ill]lllic.itly assumed an allnost. circular orbit; note tliat the
dy~lalllical  friction wit])  the t~ackgrourld may increase the
cccc[ltririty  (I;l)isuzatii  ct al. 1991; I’ukushigc  et al. 1992;
\{cccllioet  al. 1994).)

‘J’he nicthod,  as developed by ‘1’i~lto  ailcl Arll~stroI)g
(1989),  col]sists irlr,~llltil,lyil]  gtllcrccc,rd y(t) t,y G’(t)=
cxp(-mi~i?)-  which chasigc.seacll frcqucl)cy  at theratcti
- and cor)sidering  t}lcsjmctruln  ofttic product yc(i, p) u
y(i) G(t). 1’}}c allowed range of ff is dcterl]iillcd  I)y t]lc
rcquirclllelit. that the (positive) frcquc]lcy  stays Wit]iill the
ba]ld (jl ,jz); dcnoti~)g with j tllc frcqucllcy ill tl)c r]iiddl(
of the record, this nlcw}s:

‘1’hc  frequency rcsolutio~)  1 /’fi c[lt ails ttlc best possible
resolution 2/7~ for B; tl~is gives ill the (j, 7\~3) l)lalic a
total of

A’c = (jz - jl )21’/  x j;~f =- :V2

available points.
J’hysical  ar.gulnelits restrict tllc rclcvar]t  clo]llaill  fur -

ther. ~ shc)uld bc [)ositivc, corrcs[)olldi]lg to all ct~ergy loss.
If ttlc loss is due to gravitatio]]a]  waves, atlotllcr  co]lst  Irai[l[
cc)lncs fro]]) tile n~glect  o f  ally acccleratiol~ ill frcquci)cy;
to wi t ,  ttlc frequc]lcy  clla]lgc I)ct}vcct] tlIc tt]iddlc fiJId tllc
ctld [mints o f  (tw olmrvatio]l ru]) ]]~~lst  I)c ICSS tlla)i tlj<
frcqllcllcy rmolu!iotl  l/7i :

Si]lcc ttlc frcque]]cy cllarlgcw lilic l/(to f)318, tl]c Ll,IkIny
incfel (Ivcll kIIo}vlI it] tllc tllcc)ry  o f  I)ulsars)  i s

(42)

and hctlce, as also noticed by ‘1’iIltc) a]td Arlnstrc~)lg  1991,

(43)

Nu]nmically  this reads

/?<  1.1 lo-~{jscc IIZ2. (43’)

A lower limit would be obtained analyzing  together two
runs separated in tirnc.

Tt)c relevant dolnain  is divided in twc) frequwic.y rallgcs
hy the frequclicy j’, wllcre

$irlcc  7ij.2 >>1 we ot)taiI]

f’L f,_
i

6 jfj
ilqi’

Ilot very diffcrerlt fro]il  f2. Ilrc r-a]] IIOW evaluate tllc total
nun]bct  N[ of rclcvallt poilt!s ill LIIC (j, ‘fi~)  ~Jlaltc at tlic
rnaxitlm]n resolution. ‘1’he first i]]t.crval ~jrcvails  a~lcl gives

(44)
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If the chirp is caused by gravitational waves, tlIc de-
]Iwdulaticm  of the signal should produce three lines in the
I,owcr  spectrut]l, at, frcqucllcics

(’1’il)to at]d Arlnst.ro]ig  1991). ‘1’hcse lilles car) be rmollcd
oIIly if j~f’li > 1 ; si]]ce the rate is ]irnited by (43), Ltlis is
illl]msit)le if

J~ 6AT 7’
<1

“11 lli

III our case this IIullllwr is 0.4.
‘1’lIc ]i~ulti~)licatio]l by G(t), of course, does IIot cllalgc

tllc gaussian  character  of  the variat~lc; riloreover,  siIlcc
lG(t)l  is col,stant, y.(t, ~) is obviously white if so is y(t) =:
~C(t, O) (Ilovwvcr,  it) the non Ii Itear regil]lc LIIC ctlarlgc  in
alliI)litudc  will add colour tlic s~mctra. ) II C] ICC the norma]-
i7,cd slwctra  c)f the ltoisc, rc,~(fl) = lyC, k(P)12, for a given
/~, arc si. ill ullcorre]atcd  and exl)ollcmtially  distrit)uted  ac-
cordil]g  to cq. (24); but the atnl)litudcs  for diffmc]lt. ~’s
arc co~relatcd.

If’or a si[ll~)ler  fc)rlnalisln we take the qua]ltity  yc(f, ~)
(al,ci, c)f cc,ursc, y(f))  already (in ttlc average) wl]itm]cd
altrt l~orll)alimcl;  ttlrvl in ttie average

ar)d, for tllc co]n]~lcx spectral anll)]itudcs

1

/

7’1/2

~k = ~; ~,l,z rf/y(t) exp(-27rijkf),

(?/;!/h)  =-  6kh(~k) “  fihk

For tl)c c)lirpcd variables

(V~(i,  D) Y,(t’, P’)) “ ~i r$(t - t’) ~xp[--ifi(b  -- @)t2]  (46)

a~ld, taking the Fourier transforln

1

J

7’, /2
-.-.

?i ~,f~
d exp[- 27rtAj  - irr12A~], (47)

wittl

Aj== jk - jh, A~=-  /3- ,6’,

‘J’tlis is tl)c recluircd correlation function fc,r tlie slmctral
afllJ)litucics  in t,lle (j, ?’r~?)  plane) w i th  ttlrm co r r ec t  tw-
ltirviour wl,en A@ =- O. It is IIorl[lalized  to C’(O, O) = 1;
e]scw]lere IC”(A j, A~?)[  < 1. q’his  correlat ion function
dctcr)lliltcs  t}le (g;aussian) prol.)at,ility Ctistril,ution  VI(VC)
f o r  tlic lloisc ill ttlc sI,ace o f  t h e  COI]I1)ICX  anlplitudes
}’ = {?/c, k(LO}.

We look for the value of 6- call it ~ - whic]l  )nakcs
rnaxk {rc,~(~)} largest and take it as the candidate for tile
‘true’ chirping rate. ‘1’lIe data space Y }las now a IIIUCII
greater  rlu]jlt)er  2NC of dillmllsiolls tllarl twfore;  t.tlc Iioisc
has a greater  cllancc of silt~ulatillg ttJc signal  arid ww cx-
lICCI a  IIighcr tlircxtlo]d i, for false alarll].  ‘1’}Ic rigorous
allswcr to this  qucstic)n etltails  ilitf’.gratirlg W)(UC) over a
A’, -dirlle]lsional cut,e, a sccll)illgly ir)lJ,ossiblc  task:  ~v(*  usv
instead a heuristic ]iwtllod.

‘l’t]@ t o t a l  nulli})cr of dfectivtly irldel,crlctcllt rllodcs
ATC ~ff =. NNfl ~fl is ttlc product of tllllnt~cr  AT c,f frcqut:rlcy
hirls  arid ttlc nutljt~er  Nfi,rfr of tllc cfl’kctivcly  irldcl,cllder]t
Il]odcs for the rate, or t})c Ilutlil)cr  of illdc]w]ldcllt ilitcrvals
in rate:  C(0,f12 – ,6’1)  is sr[lall if (71 arid ~~z lic ii] diflcre)lt
irltervals. q’his  rlulllt)m has also a practical irliportallce:  it.
gives ttlc largest s~)acirig  ili tlli> rate

A,,,;?  ~ .  .  2j2
Ii Nfi,tff

we need for a reliable ]Iurnerica]  calculation, ‘1’}iis suggests
t}lat A’c,en  =-- N’A’P,CIT  is rclat~d  also to tl)c stability of tllc
Tlurncrical  calculation of tllc largest atj]],liludc.

Ilotli questions can be addrcssrcl }vitll ]Iutllcrical  sifll-
u]ations,  \Yc have generated  a large Illlti]l)cr  II’ of reali~, a-
tions of a gaussiarl, uncorrc]atcrl  ti]l~v  scqucrlce  y(t ) aIId,
for eacl] of tl]c~n atld for all tllc available valucv. of tilt’
r a t e ,  colls[ructed  tile coordirlatcs  {y,,k(;~)lz = .r,,~(i~)  o f
the corrmpondirlg  ])oillt  1) irl tllc sl)tice }’ a)ld eva lua ted
their maxilmlln  r,,, for cacll sr)acing

W’l)cn AT8  increases we cxl)ect first the average (o,,,) over
difl’ermlt realizations  to iricrc~sc ~)ro})ortiorlally  to III A’fl
(see eq. (26)); whcr, tt]e correlation txtwmn rlcigllt.louri,lg
values of ~ is sig(lificarlt,  (x,,, ) stlould reach all asy!nptotic
value. g’hc nurncrica] simulatioljs  coilfir]rl this. ‘J’l]c curves
are flat, when Nfl = N, corrcspc)rlding  t o  A~ =- 2/7~2.
N~,eft can t~e estimated M tlie at)scissa of ttlc kr]cc ill tllc
curve (see Jig. 4). Of course the posit ion of ttic tilicc allcl
A’~,en  depend on tile lcrlgth of t])c test sequcvlces; w’e es
tiinate

Np,eff x 0.3 A’. (48)

in the frrst interval  we cxI~ect (cq, (26)) (r,,,)  = 1]) N -I
in NP; indeed the tllrec curi’cs ill }~ig, 4 diflcr by s III 2.

Fc)r each s~,acirlg it) 3 wc IIave rrlso coullttd  tllc II UIIIt)eI

l{(~)  of tirmx. ttle  l>oirlt f’ lies outside  a cutw of side j.
‘1’he  false alar]]]  prot,ability  is tllc])

* , $(i)
Ii

(49)

\Vc cat, relate  tllc t$vo sifllulatiol)s  as follows. F;q, (24),
wllicll  refers  to ilidcl)cllcicnt sl)cctral  aln])li[udcs,  provides



10 B. Bcltotti  et al.: Search for gratfitational  wave trains with the spacecraft UI,YSSI;S

tl)cir ,nurnbr  N in terms of cr and i; we usc t}lc WMnC
cx})rcssion  to define, in genera]

In(l -- rY)
N~fiz----

ln[l -- e~j;(-~fl”
(50)

A s  tflc ttlrcsllold i itlcrca.~cs,  w c  CXIWCL  that tl]is uuln-
bcr teIIcls  an asylll~)totic value, which wc take to]llcasurc
tile  cfl(c-tiw  wu~trer of dcgrtes of freedom of our ccmre-
Iatcd gaussian  variables .  ‘J’his cxi,cctation  is illdced con-
firllled  (l~ig.5) and t}icmyt]li,tc,tic  ~,alueisal,out 0.3N,
in agrcw]]cllt  with ttle ]~rcvic)us csti:]late,  F’rol[]  Fig. 5 we
also see that the ratio Nefl/Ar2 is roughly irIdeJlerlde]lt on
t]le ]Cll!,ttl N of tile test scqucl\ces

Fig. 4.q’1tc  cffcctof tliec},aI,gc  il~rateresolutioIl  A~cx1/A’6
on the largest mean a]llIjlitude  (T”J) (given in the ordinate) i n
a  Iiultlerical  simu]atio~l;  I}IC kllce corres~>onds to  the eflective
nu!lllwr  of dcgrccs  of freedom in the  rate. ‘J’he three curves
r,how also the  e~cct  of varying the number  N of data points
used jr} (he sinlulatio~ls  from 2048 (upper curve) to 1024 a n d
512 (lc,wcr curves).

lfa gravitational  wawsigi~a]

is ~~resent at the (unknowrl)  ‘true’ frequency J, and ‘true’
rate ~?l, it g,cllcrates ill the aI~J~roJJriatc  (~,~li) region tl)c
rcw~mllsc

~lc”(f -- ft, o -- Bf),

gcttcrally  different  f r o m  z e r o  (except  for S = f?t a n d
f # jt).~’tlisistllesigt~al  wcrnust lookfor . in  AJ~pendix
Ii wc study  the sllapc  of t})is rcs~~orlsc; in ApJm)dix  A
w’c Sllc)w, accorciir~g the h’cyman  l’earsot]  tlicorcrri, thaf
J’,,, : lllaxfl{lr~axk{zc,k(~)}}  is ir)dccd the correct vari-
al)lc tc) ccjrnpare  with a threshold.

We liavcalla]yzed the IISIN  a n d  \T1,lll tirlwsequcnces
wit]t this rllcthod.  Figure  7 sltcrws the two llisiograrlls

. .

Fig.  5. The result of a numerical sir[~ulation to cvaluale  the
effect of t}lc chirl,irlg variability or) t}lc false alarrlt Jjrot,al,ility:
irt the ordinate we plot A’p,e  II/N (cq. (50)),  which gives lhc
frac t ion  of  the  irldelwrldcnt  values of /j, as a fllr,ctlc)r,  ~,f t]lc
threshold.

o f  the prot)al)itity dmtsity furtctioll f o r  tllc dirllt~tbic>li-
lcss  rrln[,litudc  1; each  o f  [Ilelll }la< I,ccrl Ot,tai]iilig  k)j

co]l]l]initlg tlIc diffcrcllt  Iiistograllls  c)l~tai]]ccl  for cliff’(rcrlt
( p o s i t i v e )  valucsoft]ic  rate  ~?. ,ht}c>ut ,Y$  :- T[)ocj]f.

fcrcllt,  equally sI,accd values c)f ~? IIavc’  I.JWII USCC1, frc,r]l
81 = 3.2910 -l~JIZ-~= I/(27 f)tOEz=: 2.4010 -l’1 117-~,
‘J’hc uJ,I,er  ]i]rlit  isgivell t,y ttlc lil,rarity cor]clitiol]  ( 4 3 ) .
‘1’lw sri~c)otllirlg  frcqucl]cy  illtmval  for tllcco]rlI)Lltatic,ll  c~f
t]lc ~lorrnalized  arnJ)]itudc  (eq. 2 0 )  w’as clloscrl cclual to
2 ? 1 0-4 }Iz, i.e. N’= 246.

in tllisdorl)airl  the l) SFJscqcrel)cc  hast,lIclargcst value
ofz is 18.91, at j’=: 1.3810 -J*11z2 = 1.19p llz/d arid t}le
frequency (ir] the lniddlc  of the record) 1.9985 ]0-? IIZ.
lJrtfort.urlately t}lcfrequcrIcy  ratcis toolowtoreso]vethe
triplet oflillcs  predicted by t}lc tlieory  (cq. 45). lrl a clata
set wit]) atrout NC,efi  =- 0,3 x 700 x 65,000 = 1.36510 7

dcgreesc,ffrecdcm  tlteoccurrcncc prot,abilityo ftflislirle
is ~.3610-2;  t h e  factor  0.3 h a s  beer) obtairled  wittt tl)c
rlurncrical  sirnu]atio]ls (cq, (48)). ‘J’l)e prol)at, i]ity for t h e
second largest line, at Y = 18.40,  is 0.14, below our IOCX1
threshold for false a]arln.  ‘J’he statistical sigrlificarlce  of
tllc chirJ)at  r =: 18.91 iser]llariccd  try the Vl,ll]  sequcllce;
irtdeed, at that  frcquerlcy  ar)d r a t e  \ve firld a  lirlc }vittl
r = 11.39,  with a prohal>ility 1.1 10-5. Altliougl] the two
scquctlces are J~artially correlated, it is urllikcly that this
lillc is due to cl)ance.

A Itlc)rc careful arlalysis stlows, llcmwvcr, tt]at  tile cllirl~
is ])rot)ai)]y  due to illst.rllrl)erlt.al  eff’ects. M’c have gclleratcd
six subsets of tile l)SN ar~r.f  VLII1 tilnr scc]uences. 11) eactl
of tl]clll all the data related to oric of tile ttlrec JNX CCMII  -
lIlcxcs have twc]t sut)stitutccl  by 7eros. II turrls out [Ilat
the chirp disappears oIIly irl tllc (.ilnc SeClUCIICeS  (I)SN a~lci
k’l, }lJ) ill }vllicll t]lc corlt,rit~utic)lls  frollj t]lc h~aclric] Cc)rrl.
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I)lcx  }I,ave been edited out; indeed, at the suspect frequctlcy
.arld rate we find norjna]izcd  a~np]itudesof  2.32 and 1.19.

Nosigllifica~~t et]}~ancell~er~ tw,~fotlrld foradjace]ltv  al\]es.
011 tlic tmsisofthww  rcsrrltsone mayexcludeagravi-

taticjna]  list.ure of tllesigrla]. A silni]ar illstrurllel]tal chirp
tvasfo~lt]d irl IJrevious cx[jerill]cr~ts (Artdcrsonet al. 1993),
altlloug}) related to the Goldstonc  con~plex  and with a
~i)ucl) larger  frequency drift. It would be illli)or(allt  for
future exlwritnellts  and ititeresti]ig  in itself  to trace  tllcir
origin.

At Slflt = 1 a source carl~lot Jlroduce a line strorl,ger tha!)
o u r  Inemured  arnl~litudcs h(f)  = ~2.$Y(-f)/7i  Sillce o u r
data, even in the chirped case, are well represcllted  by eq,
(40), nalnely,

h(j) = 310- ‘~j-’lq, (40’)

they are rclcvan( o)ily  irl tllr- rcgioll

21/3>  f’lf4. (54)

k’i.g. G. IIistogram of the Climclisiolllms slwctrum  f o r  t}tc lill-
carly cliirl)cd case,  fc)r t}tc l)Sh’ and the V1, J!l time  scqucnccs.
‘1’}lc t w o  lillcs at T > 18 are  fou]ld irl the  I)SN d a t a  arid dis-
cu~scd ill tllc text .

7. (k)llc,lmicrlls

It is ill(crcsting  to apply these results to the galactic ccrl-
t r e ,  wllcrc, at r =, 104 pc = 1 0]2  SCC, a ma.ssivc  b l a c k
ltole of mass up to ~ 2 106 A46) is likely to sit (Gcllzel
& ‘l bwIIcs  1987, IIlitz  1993 and other papers). Note that
c)ur cictcctor  had a favcmtabie  orientation (O w 1090). In
this sect.icr]l we usc as units IIZ and llz2 fc,r tile frcquc(!cy
and tiic raie, respectively. F’rom eq. (8), the expected anl-
~)litucic  froln a binary systcln  with a period 2/~ at the
gaiactic cet)tre looks encouraging:

( ) 5/3
tl =- 8.710- ‘ 3 171

j  oc~~~
(f 1000)2/3; (51)

IIcnvcvcr,  the data arc significant only in a very s]nail re

gitui ill the (j, ~) plallc.
III tllc iirlcar chiri) rcgil])c, irrespective oj ihf masses,

tlie I i)ne to c.oalcscrmce is determined by the frequency
anti tile rate:

lICIICC  (eq. (10)) ttie ar]lpiitudc  is givcll by

(52)

(53)

Fig. 7. ‘1’}1<,  rclcwanl rcgiolls of the (j, ,7) plarIc. I)ata arc avail-
atk below the  u~)}wr  curve (a)ld i]! (lIC  syIllI],c.trica]  rcgioll  fOr
negative rate, For a sc,urce ill the  galactic ccutre thr condition
SNR = 1 can bc f u l f i l l e d  CIIIly abc,vc thv  Iilic b; the linearity
ccmditiou (43’) restricts the data below the line a.

On t.l)c otllcr  hand the lirlcarity  corlciitioll (43’) I,]accs
an upper bound to tile rate at)d rcstric.ts the rcgic)ll to a
very  slliall  triangle llcar Ihc lo~vcr cut off’ ~1 = 2.3 10-4
Ilz. At this cut ofT the sigI]ificaIit  interval for the rate is

4.710  -12< /3<1.610-’1;

the iovm  bound (54) grows faster t}la!j the upper t)ou]lci
(43’) and Incets it at the frequcl)cy j’ = 410-4, less tl)al)
twice j]. OIliy in this regicm (at SNR :- 1 ) we are aiio}ved
to constrain the n]ass  paralncter  Ivith cq. (51), I]rrllmiy

7T1 < (h1015)315(1000j)- 2/517,000  .14~j, (M)

At the lowest  freque~icy  jl this Iirllit  fc)r m is  about
60,000 A4~. If One of the’ two ]Ilasscs, A4~ = p, is IIIUC]I
smaiier  than  A4, from eqs. (7) and (55) we get

Ii = m5f3h4-2t3  <5800 114;;). (56)

q’he tirnc to coalesccllce, of tile order of a fcw years,
is so iow t})at such a llyl)c~tilctical source does riot ilavc
InuciI  astro~)hysica]  value. At tllc orbital l)criod 2/j, tllr
ser[ii ~liajor  a x i s  i s  l e s s  ti)atl  1 AU. ‘1’tlis resuit was IIot
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k[lown  W}ICII  t)Ie rc~,ort lCSS (1 994) was written. A scarcb
iri IJ1,YSSI;S  data for 11011 linear  chirps (crwc 3. of Sm. 2)
will ext,c;lld t}le analysis above the Iinc b. \\’c ex]~cct that,,
at. SNR = 1, a similar bound for tbc mass para~ncter  will
bc ol,tailled; however, a for a given level of cculfldetice, the
eillargcllwllt,  of  (}lc rcgiou in the (j, ~?) plal~e will i]lcreasc
tile tllresllold.

A fcw gc~tcral rc~narks are irl order, CI’be precise tbc-
oretical  description of the sources crnl)eds  in the gravita-
tional wave data Inucl)  irlforlnation  about tbc sources and,
M’llc]l a positive detcctio]l  is attained, rllakes  tbeill  a pc)w-
erful tool of rcscarcll;  vice versa, however,  if dctcctiol]  is
~lot attail}ed,  it rllakes m o r e  ctifJicult  t,c) J)lace cor]straillt,s
oII t }Ie I)ossib]e  sources. ‘l’lie .assurn])t  ion of linear c}lir})s  we
}Iavc IIladc- sllou]d be waived; of course, however, this inl-
J>lies a sl]ort.cr  lifetilm and lnore irnprol]ahlc sources. Also,
tllc il]lI>or( ar)ce of at tainil)g  lower frequencies of obscrva-
t ic,ll c.arlllc)t be stressed too Inuch, ‘1’lIc scarcll  fc~r w a v e
trains ill IJI,YSSIIX  data would bc ]nuclI lnore cffectivc for
sc~~lrcl:s Ilcarcr  t]larl the galactic ccrltrc (see Sec. 2), bul
JVC did not  J,ursue  this exotic I)ath. l’irlally, as stressed
ill tile J)ic)rleering  I)a])cr  by IIragi]lsky and ‘1’llorne (1976),
t IJC l)ol)J,lcr Inctt)od  scclns best suited for the scarcll for
ividc bal]d J) U]SCS;  in a subsequen[  J~aJ)er wc s]lal] l)rcscll~
this atlalysis  c,f lJI,YSSIC;S’  data, wllicll sllou]d rnargillally
reach ttIc Virgo cluster,

“1’llis cxlJcrilncIlt  lnarks  ]Ioticeable advallccs  ill t h e
lk,]~l~ler  scarcll  for low frequency gravitaticn)al  waves; cx-
],]oitir]g  tllc ]orlg record and using sc}’era] (up to four) ob-
servable quant,itics,  rcrrlarkable  progress l]~s bee]] n]ade in
tltc sensitivity and irl understanding tbc noise structure.
h!ore iIrlI)ortarltly,  whi]c  irl previous  paJ)crs  on IJopplcr
Ctctectiol] tile main emphasis was in irlcreasing tbc serlsi.
t.ivity, l)cre, due to the large of spectral ],oitlts available,
we llav~, beer} al)lc  to draw definite conclusions on tbc rel-
evant  astrophysical sources and, tllcmforc,  to assess tllc
lilnitatic)rls  of this tecbniquc,

llolII tllc instrumental point of view the Inain lir[lita-
tior) of lI1,YSSFX’  exl)crirncut  was the use of low frequcucy
carriers, in J>articular  in t}lc up-link, q’bis  J)rob]ern  will be
sc)lved with tbc CA SSJiNl mission (to be Iaurlchcd  in I)c-
ccll]l)cr 1’997) to Saturn, which wi]] usc X- and KO-band
ill I)c)t  1) Iilltcs (Cornorctt,o  et al. 1992).  in order to achiwe
stii] better JwrforIrlatlc.cs  ill the In]lr, band, which could
ensure successful detection according to conventional as
I rol~hysical  exi,cctations, a dedicated nlission, using lc)rlg
})aselirle  irlt,erfmolnctcrs,  is probably needed.

A1’I’ltN1)ICES

AS rxlj]airiccj irl  SCC. 3 ,  in order  to Inirlitl]izc t}]c  false dis-
Iilissal l)rc)biibility, wc should construct iri Y the ‘dctectioll

set’ Y], with

/
riy, w(yc) = cl, (A.])

)’1

in the following way: if w~(y) is ttlc J)robabi]ity  clistribu-
tion of the observable quarltitics  WlIeII  a sigrlal is l)res(,llt,
arltorlg  the surfaces

u!}, (y)
-  Collst,

-ul(J/~  - (/1,2)

we CI)OOSC the on~ wllicll fulfills cq. (A. ] ). We SIIOW that,
because ofthc relatiol]  bctwccl~ signal  and correlation, tlIis
i s  cssc]]tially tile sarllc J~roblcrn a s  ill tlje case w,ittlc,llt
chirp, cq. (36).

lrl order tc) corlccntrate  on tile ]Ilathcrr)atica]  structure,
let the illdcx )n = (j, ~) stand  for the coc)rdiliates ill tltcir
appropriate rarlges: taking  ?i = 1, j is ;iII irltcger arid ;1 &
an cve)l integer. Accorctirlgly, write  C’,,l,, (}vittl C,,,,), L- I )
f o r  C’(Aj,  Al?) al,d y,,, for U,,k(,’?) ([is ill Sec. 6, LIIC Jiois(
arrlp]itudes are assurllecl  to bc }v]litc atld rlorlila]izcc].)  ‘1’]lc
‘true’ poil~t is t :- (jt, 130.  ‘1’lle  l~rotlat~ility distril)utio]l  for
tllc noise is

w(y)  W c- 9,

\vllcre

q ‘ }; i,, ~t?,,h !%,;

ttlc hcrlni[eall  matrix Q,,,,, -( -  Q;,,,, ) i+ tl~c rcci]>rc>cal  of
ttle correlation r[latrix

(Y;,,?A) = c,,,,, = (Q-l ),,*,,. (..1.3)

‘l’he rcspome  to a signs] of comp]c’x arnJ)]it  Ude h is just
/rC,,,l, so that ill tltat case y,,, - hC,,,~ is gaussian, witt]  a
prohabi]ity  distribution

Wh(y)  M e- ‘h ;

tlcrc
qh ‘ -  >:(V,,,  - lICnlr )* Q,,Ln  (y,,  -  ~~Cn2).

mn

The  fact  ttlat tl[c rcspor]se  functic)r)  is just tbc correla.
[ic~rl  IIlatrix makes tl]ings silnp]e aIIcl, bccausc  of eq. (A.3),
leads to

qh “ q  - ~Jny*  - hy; + lh12,

y, is the observed alnJ)litudc at t]lc ‘true> freque]lcy  atld
rate. lr) c.olnputirig the rat.ic~ (A.2) m exI)(21hlly~ I cos,y) we
Incrst now average over the (ulikrlowll!) relative phase of
tbc wave x and obtain, sirnilar]y as ill Sec. 3,

U))/ (7J)
= exJ)(-1/t12)lo(2]/illyf[),

‘U)(yj

\Vc sec that t}lc level surfticm, al]d  Iic]icc  tile s t ra tegy of

decision, depends only orl tile size of tllc Iargcst  spectral
arri~jlitude  produced by tlIc siglial,  I?yil.

I f  bottl the frcquer, cy a[ld tlIe cllir[)  r a t e  IIave equal
. . .

a  prlorl pro bat)lllt>’, ~vc rtlust  alsc) avcr:igc, \vit, Jl ulliforll]
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wcigl!t, t}lc probability U)(y)  over all values of f, obtain iilg
tl)c san~c equation (36) as before. With the same ap]Jrox- ‘-:~ei”’’’’[(’ - 3“’2”- (]-’ 3’-’’”21

ilnatiolt  wc take the ‘detection set’ to be the colnl)lenlent with
of itlc cul)e in the space of the norlnalized  spectra, with a

4 ’- ” -

2

4 ‘“’”

-L@
side i is dct.crlllilled  t)y the confidence level. z=Aj - - -

Al?’
62= --

2“

11. ‘J’110 corrdaticrn f u n c t i o n  for t h e  chiqmt vtiri-
al)lc!s

W( have cstitl~atcd  ttle corrclaticrn futlctiml of the cl~iriwd
ILcrisc  ciata

If 2; , tl)e duratio~l  of tlic recc)rd, is tl]e unit of tilnc,  j and
,8/2 arc integers (gelicrally  very large)  ill the dorllain (41 ),

IIy colnpletil]g  tllc square in the exponent, this fullc-
t,ioll can bc evaluated itl t.crlns of Frcs]lel  integrals C ( 2 )

aIIci S(2), with

K(:) =. c(2) + is(z) = J’dwx,)(i;q (1~2)

(Al]ralnowitz  & Stcgul] 1965), ‘J’his is ar] odd fullctiol]  of
tllc COIII]JICX varial~le 2, with the asym])tolic  cxl,rcssiotl

\frc o})tain:

( “(~?) ~-k$f;(u+)+ “’’(u-)]C’(AJ, A&’)  = exp zrt-

(11.4).,
witt) tltc argulllc]lt,s

MrliCII A@=.  O we rcc.over directly froln cq. (1].2)

L’(Aj, O) = 1 if Aj == O.

Ccmsidcr now t}lc expression in t}lc square bracket c~f
cq.  (11.4) in the general case, ill which both arguments  c,f
tt)c function J;(z) arc large. q’here are two possibilities. If
lA~?l > IAJI the two argunm]ts are allnost  cqua]  and t})e
square bracket is almost 1 + i, twice the asynlp!c)tic  value,
yielcling

~vit}) frrrctiol)al corrections of order Aj/(A~)312.
lnstcad, if IAfl >> lA@l, the two Frcsnci  cxpo[wntia]s

altlmt cancc]  and tltc square trrackct reads

fq: -i A/)- E(2 – 42) =

and
~ixz6z + e- Ixzbz =- 2cos(zrAJ)  z 2(-- )Aj

‘J’hercforc

and  )wnce,  frcm~ eq. (H.4  )

(}1.6)

In t,c)th approxilnatiolis  tt]e l)lla.sc c)f tile correlation fultc-
tioll challgcs  very raJ)idly  fro]!] II]ode  to ]] Jodc.

AckrIouI/cdgf  JItc Iils. ‘1’his  \vorli is the rchu]t of the joihl  cf[olt of
Inahy  ~lco~IIC,  hides tlI?  Icalll o f  tliv LII,YSS1; S gravitatiotla]

wave Cxpcril[lcltt;  wc a rc  very  gra teful ,  ill J]arlicu]ar,  10 [lie

}{adio  Scicucc  Su],port  ‘1’ca]lt at JI)J,,  t o  tile staf[  of tlic I)cc1,
Space Network,  to t}tc LJI,}’SS}I;S  ],rojcc( atld to t}ic stafl of tltc
lstituto  rfi Radioastrotlol[lia  (Bolog]la).  ‘1’lIc buJli of thf data
aualysis  was c a r r i e d  o u t  by 1,. less; I\is tyork,  until NOVCIIII)Cr

1, 1993 was suJ~pclrted by the ]stituto di F’isica dcllo Sl]afio In-
tcr],lallctario.  We arc also grateful to 1’. ‘1’illti for his rkulilcrical
work ill the data analysis  of t]lc c]lirim.
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